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Abstract 
GFRP/Epoxy composite NEMA (National Electrical manufacturers Association) G-11 possesses excellent physical, mechanical 
and electrical properties at both room temperature and elevated temperatures and finds wide applications in areas such as 
insulation in aerospace and defence systems. The material withstands temperatures in excess of 300°C and is considered the 
premier material for use as Class F insulation in electrical power generation and transmission equipment. Drilling is one of the 
most widely used machining operation for assembly and fitting purpose. In this study, the effort is to optimise various drilling 
parameters with multiple performance characteristics based on the Desirability coupled with Taguchi method. Taguchi’s L27 
orthogonal arrays (OA) with factor 4 and 3 level have been used for the experimentation. Individual desirability indices of the 
three performance measures, viz. thrust force, delamination and surface roughness are converted into an overall desirability, 
which is then optimized using Taguchi analysis. The optimal parameters achieved are spindle speed at level 2 (1200 rpm), feed 
rate at level 1 (75 mm/min), thickness at level 2 (8mm) and diameter at level 2 (8mm) for achieving minimum thrust force, 
delamination and surface roughness. 
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1. Introduction 
 Composite materials have been replacing conventional metallic materials used for many structural parts for 
engineering applications today. They have many positive attributes like lightweight, high strength, high stiffness 
good fatigue resistance. The extensive growth in their applications also stems from the increased need in the global 
market for high-performance products and lightweight components. Composites by definition are materials which 
comprises of two or more constituents resulting in a product with superior properties as compared to the individual 
elements. Due to the anistropic and inhomogeneous property of NEMA G11 GFRP, drilling on NEMA G11 causes 
some difficulties, such as delamination, burrs, swelling, splintering and fiber pullout, which does not occur in other 
materials. Among the various defects that are caused by drilling, delamination is recognized as the most critical. In 
view of this, it is very important to detect the delamination changes that occur in composite material. 
U.A.Khashaba (2004) analyzed the delamination free in drilling of different fibre reinforcement thermoset 
composites. Drilling variables are cutting speed and feed material variables that include matrix type, filler and fibre 
shape. Drilling process was carried out on cross winding polyester, continuous winding with filler/polyester, 
chop/polyester, oven/polyester and oven epoxy composites. It was found in his study that the thrust forces in drilling 
continuous winding composites are more than those in cross winding composites. H.Hocheng et al. (2005) used CT 
and Ultra C-Scan for measuring drilling induced delamination in composite material using twist and core drill. The 
capacity of CT-scan showing sample cross sectional in a nondestructive way made it successfully measuring drilling 
induced delamination. The correlation between thrust force measured and the delamination was illustrated and 
compared with known ultrasonic C-scan. It was demonstrated that C-scan is a physical and effective tool for 
evaluation of drilling induced delamination. A.M.Abrao et al. (2007) studied the effect of cutting tool geometry on 
material on thrust force & delamination while drilling GFRP composite four drills with different geometry and 
composition were tested additionally to find the influence of cutting parameters. The result indicated that the lower 
thrust force was observed using drill made of K-10 carbide drill, having two cutting edges diameter 5mm and 62mm 
long. Whereas, a drill made from K-30F grade of carbide having 3 cutting edges, diameter 5mm and 62mm long 
point angle of 150 degree gave highest thrust force values, which are within the cutting range. Kilickap E (2010) 
studied delamination in drilling of GFRP composite and found optimum parameters by using Taguchi method. In his 
study, GFRP was selected as experimental material for investigation of cutting parameters like cutting speed, feed 
rate and tool geometry, which affect delamination in drilling operation. Taguchi method was selected to determine 
optimal cutting parameter. L 16 orthogonal array was used to plan the experiments. S/N ratio and ANOVA were 
employed to investigate the optimal drilling parameter of GFRP composite using 4 different drills. The experimental 
results demonstrated that the feed rate was the major parameter among the other controllable factors that influence 
the delamination. Balamugundan et al. (2012) used desirability function analysis to optimize surface roughness and 
delamination during milling of GFRP/Epoxy composites. It has been found that the desirability is one of the 
important optimization techniques and can be successfully applied for machining process such as drilling. 
2. Experimental Work 
The scope of this research work include the  study of multi criteria optimization in drilling parameters for 
composite materials. In this study, a Desirability coupled with Taguchi method has been used to establish a 
correlation between the independent variables such as spindle speed, feed rate, thickness & drill diameter and the 
performance characteristics such as thrust force, surface roughness and delamination; therefore, the experiments 
were performed according to a Taguchi design of experiments (DOE). 
2.1. Work material 
The work material selected for this experiment is NEMA G11 GFRP composite as shown in Fig.1. The E-glass 
reinforcement is of woven fabric form, having following specifications. Type of weave: plain, weight: 180±5 gm/m2 
and of 0.18mm thickness.  
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Fig. 1. NEMA G11 GFRP composite material 
The work specimens are rectangular in shape;it consists of flat plate work pieces with 150mm length, 50mm 
width and thicknesses of 6mm, 8mm and 10 mm. It has good dimensional stability and very good mechanical 
properties at elevated temperatures (Table 1). 
Table 1.Main characteristics of NEMA G11 GFRP. 
Key characteristics Unit Value 
Specific gravity g/cc 1.91 
Tensile Strength Mpa 282.5 
Compressive Strength Mpa 344.5 
Shear Srtength Mpa 144.4 
Rockwell Hardness M scale 110 
2.2. Cutting tool 
The cutting tool used for this operation has the following specification: Guhring DK 460 Ultra Fine tungsten 
carbide coated with titanium carbide (Tic), ISO classification [ISO 513] K20-K40 coated, having good toughness 
and wear resistance. The specification of cutting tool is shown in Table 2. 
Table 2.Specification of cutting tool 
Drill Diameter 
(mm) 
No. of Flute Overall length 
(mm) 
Flute length 
(mm) 
Point angle 
(C) 
Helix angle 
(C) 
6 2 66 28 120 30 
8 2 79 41 120 30 
10 2 89 47 120 30 
2.3. Thrust force 
Thrust force is considered to be the major contributor of delamination during drilling. The thrust force was measured 
with Kistler piezoelectric dynamometer of type-5233A (See figure 2) with built in, charge amplifier up to 10KN. 
and a least count of 1mN.  Data acquisition was accomplished by connecting this dynamometer to computer and 
using KistlerDynoware type- 2825A software
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Fig.2. Kistler piezoelectric dynamometer. 
2.4. Experimental Procedure 
The experiments were planned using Taguchi’s design of experiments. The nonlinear relationship among the 
process parameters, if it exists, could only be revealed if more than two levels of the parameters are considered 
(Byrne & Taguchi, 1987). Thus each selected parameter was analyzed at three levels (See Table 3). The most 
appropriate orthogonal array in this case was L27 OA. The factors are assigned to column no. 1, 2, 5 and 8 
respectively.  The run order is a completely random ordering of the experiments that should be followed when 
running the experiments in order to reduce experimental error. The output responses used to measure machinability 
were thrust force, surface roughness and delamination. The experimental set up is shown in fig. 3. 
Table 3.Drilling parameters and their levels 
Symbol Cutting parameter Unit Level 1 Level 2 Level 3 
A Spindle Speed Rpm 900 1200 1500 
B Feed Rate mm/min 75 110 150 
C Material Thickness Mm 6 8 10 
D Drill size Mm 6 8 10 
 
 
 
Fig. 3. Drilling set up. 
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The experiment was conducted on a HAAS TM-2 CNC machine  with the following specifications: Longitudinal 
axis ( X- axis ) 1016mm, cross axis ( Y-axis ) 406mm, Vertical axis (Z-axis) 406mm, Spindle speed 6000 rpm, 
maximum torque 45 N-m @1200 rpm, Spindle maximum rating 5.6KW, Max. Feed rate 10.2m/min. The surface 
roughness measurements were done using Taylor Hobson Talysurf-5. The roughness profile assessment has been 
conducted according to ISO standard, which employs a Gaussian filter, a sampling length of 0.8mm and evaluation 
length of 4mm. Data acquisition was accomplished by connecting this profiler to computer and using Se surf 
software. Delamination was evaluated with 2D microscope (See fig.4, b). The damage caused on NEMA G-11 
GFRP composite materials was measured perpendicular to the feed rate with 2D microscope. The damage area is 
shown in Fig.4, a). After the measurement of the maximum damage suffered by the material, the damage normally 
assigned by delamination factor DF was determined. This factor is defined as the quotient between the maximum 
damage diameter and the actual diameter of drill hole. 
 
 
Fig. 4. a) Schematic diagram of delamination analysis, b) 2D microscope 
Thetypical thrust force profile over a drilling cycle for different combination of cutting conditions and surface 
roughness profile are shown in Fig.5 a &b respectively. 
 
 
 
 
 
 
 
 
Fig. 5. a) Thrust force graph, b) Surface roughness profile 
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3. Desirability Taguchi optimization 
     For optimization, Taguchi method with Desirability has been used. Taguchi’s parameter design is widely used in 
conducting and analyzing experiments. It offers a simple and systematic approach to optimizing design for 
performance, quality and cost. Taguchi’s approach extensively uses statistical DOE (Design of Experiment). By 
applying this technique, one can significantly reduce the number of experiments and time required for 
experimentation. 
The desirability function approach for simultaneously optimizing multiple responses was originally proposed by 
Harrington (1965). Derringer and Suich (1980) later on popularized its usage by modifying it. This approach 
systematically transforms an estimated response ŷ into a scale-free value of di. It assigns values from 0 to 1 to the 
possible value of each response, in which a number closer to unity is assigned to a more desirable response. If the 
value of the response falls beyond the prescribed tolerance rage, which is not desired, its desirability value is 
assumed as zero. In this study for delamination factor DF, surface roughness parameter Ra, and thrust force F 
Lower-the-better (LB) criteria have been selected. 
While calculating individual desirability values using Lower-the-better (LB) criterion, the value of ŷis expected 
to be “lower the better”. When it is less than a particular criteria value, the desirability value diequals to 1; if it 
exceeds a particular criteria value, the desirability value equals to 0. di varies within the range (0, 1).  To find this 
kind of desirability function, Eqs. (1-3) were used. Here, ymin denotes the lower bound of ŷ, whereasymax represents 
the upper bound of ŷ& r denotes the desirability function index, which is to be assigned previously by the decision 
maker. If the corresponding response is expected to be closer to the target, the index can be set to the larger value 
and otherwise a smaller value. 
min iIf y ,  d =1yd    (1) 
max
min max i
min max
y y
If y y ,  d = 
y
r
y
y
§ ·d d ¨ ¸¨ ¸© ¹
   (2) 
max iIf y ,  d = 0yt    (3) 
The individual desirability values are usually aggregated to calculate the overall desirability using the following 
Eq. (4). Here, DOis the overall desirability value, di is the individual desirability value of the ith quality characteristic 
and n is the total number of responses. Wi is the weight for ithattribute. Sum of all attribute weights should be equal 
to 1.  
31 2 1/
1 2 3( ...... )
in ww ww w
o nD d d d d ¦    (4) 
 
To determine the optimal parameter settings, it was required to find out the maximum overall desirability value. 
Optimization of overall desirability has been carried out using Taguchi method. Taguchi method converts response 
value into corresponding S/N ratio. The Signal-to-Noise (S/N) ratio is the ratio of mean to deviation of the response 
from targeted value. Therefore, in Taguchi analysis the optimal parametric combination is determined by 
incorporating Higher-the better criteria of the response S/N ratio. The analysis was made using popular software, 
specially used for design of experiment applications, known as MINITAB 16. 
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Table 4 Individual desirability values of the responses and S/N ratio. 
 
Exp. 
Run 
Factors Measured parameters Individual desirability values of 
the responses 
Overall 
desirability 
S/N 
A B C D F(N) DF Ra d1(F) d2(DF) d3(Ra) DO Ratio 
1 1 1 1 1 33.745 1.086 3.2200 0.7222 0.5479 0.3333 0.509 -5.862 
2 1 2 2 2 61.74 1.046 1.195 0.5237 0.8633 0.9583 0.758 -2.410 
3 1 3 3 3 97.805 1.061 2.855 0.3868 0.7101 0.3777 0.472 -6.524 
4 1 1 2 3 57.465 1.0745 2.205 0.5467 0.6122 0.4952 0.550 -5.196 
5 1 2 3 1 104.995 1.0565 2.545 0.3677 0.7500 0.4259 0.492 -6.164 
6 1 3 1 2 60.305 1.103 1.640 0.5312 0.4743 0.6787 0.554 -5.128 
7 1 1 3 2 99.455 1.047 2.550 0.3823 0.8511 0.4251 0.520 -5.685 
8 1 2 1 3 51.635 1.0435 2.05 0.5814 0.8955 0.5349 0.655 -3.674 
9 1 3 2 1 81.985 1.1565 2.275 0.4369 0.3333 0.4792 0.411 -7.727 
10 2 1 1 1 36.285 1.0995 1.15 0.5159 0.4878 1.0000 0.630 -4.017 
11 2 2 2 2 74.05 1.0505 1.71 0.4673 0.8108 0.6489 0.628 -4.041 
12 2 3 3 3 51.51 1.07 2.03 0.5822 0.6417 0.5405 0.587 -4.624 
13 2 1 2 3 77.985 1.0365 2.485 0.4517 1.0000 0.4367 0.585 -4.654 
14 2 2 3 1 33.035 1.059 1.245 0.7292 0.7273 0.9159 0.802 -1.917 
15 2 3 1 2 66.85 1.0955 2.075 0.4987 0.5042 0.5281 0.510 -5.847 
16 2 1 3 2 48.25 1.121 2.11 0.6036 0.4152 0.5188 0.506 -5.926 
17 2 2 1 3 83.205 1.0585 2.835 0.4326 0.7317 0.3805 0.496 -6.096 
18 2 3 2 1 119.95 1.1035 1.885 0.3333 0.4724 0.5847 0.452 -6.903 
19 3 1 1 1 55.03 1.064 1.915 0.5607 0.6857 0.5750 0.605 -4.359 
20 3 2 2 2 22.32 1.088 1.995 0.8541 0.5381 0.5505 0.631 -3.994 
21 3 3 3 3 58.81 1.0985 1.425 0.5393 0.4918 0.7901 0.593 -4.542 
22 3 1 2 3 13.215 1.088 2.945 1.0000 0.5381 0.3657 0.581 -4.715 
23 3 2 3 1 62.24 1.0945 1.72 0.5241 0.5085 0.6449 0.555 -5.108 
24 3 3 1 2 68.985 1.067 2.515 0.4889 0.6630 0.4313 0.520 -5.677 
25 3 1 3 2 57.725 1.1515 2.045 0.5452 0.3429 0.5363 0.463 -6.687 
26 3 2 1 3 73.745 1.043 2.535 0.4685 0.9023 0.4277 0.568 -4.912 
27 3 3 2 1 42.025 1.1335 1.86 0.6494 0.3822 0.5931 0.526 -5.575 
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4. Results and discussion 
The present research study dealt with the multiple performance optimization of drilling process parameters in 
drilling of NEMA G11 GFRP composites. The drilled holes surface roughness, delamination factor and thrust force, 
were considered as responses. Typically, lower value of surface roughness, delamination factor and thrust force are 
desirable for getting good quality holes in drilling of NEMA G11 GFRP composites. The analysis on effect of 
cutting parameters on drilling composite materials is more important. The influence of cutting parameters spindle 
speed, feed rate, thickness of work piece and drill diameter on drilling of NEMA G11 GFRP composites were 
analyzed by using response graphs. The response graphs are drawn with the use of response table with average 
response values (See fig.6). The response table for thrust force, surface roughness and delamination factor is 
presented in Table 5. In response table ‘‘Delta’’ indicates the difference between the maximum and minimum 
average value of the response at particular level. The ‘‘Rank’’ indicates the level of influence of parameters. 
     Table 5 Response table for overall desirability (S/N ratio) at different factor levels 
 Level 1 Level 2 Level 3 Max-Min Rank 
A -5.375 -4.892 -5.063 0.483 3 
B -4.486 -4.934 -5.909 1.423 1 
C -5.233 -4.257 -5.671 1.413 2 
D -5.063 -5.024 -5.242 0.218 4 
 
As seen from the response table, the difference between the maximum and the minimum value of the S/N ratio of 
the drilling parameters is as follows: 1.423 for feed rate, 1.413 for thickness, 0.483 for spindle speed and 0.218 for 
drill diameter. The most significant factor affecting multiple performance characteristics is determined by 
comparing these values. This comparison  represents the level of significance of the controllable factors over the 
multiple performance characteristics. The most significant controllable factor was the maximum of these values. 
Here, the maximum value among 1.423,1.413,0.483 and 0.218 was 1.423. The value indicates that feed rate has the 
strongest effect on the multiple performance characteristics among the other drilling parameters. In response table 
A2B1C2D2 shows the largest value of S/N for factors ABC and D respectively. Therefore A2B1C2D2 is the 
condition for the optimal parameter combination of the drilling process. 
 
 
Fig.6. Main effects plot of S/N ratios for overall desirability. 
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5. Conclusion 
It was observed that the feed rate had a greater influence, meaning the increase in the feed rate increases the load on 
the drill, which increases the thrust force in the drilling of composite material. The effect of the drill size on 
delamination noticed that the delamination increases with drill diameter due to the increase in the shear area.  
Based on the analysis of the S/N ratio, the optimal drilling parameters were achieved, when the spindle speed is set 
at level 2, feed rate at level 1, thickness at level 2 and drill diameter  set to level 2 of the experiment range. 
Therefore it was concluded that A2B1C2D2 is the condition for the optimal parameter combination of the drilling 
process. 
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